We find the exchange symmetry between left and right handed top quark in composite Higgs model with partial compositeness is efficient to soften the Higgs potential and reduce fine tuning. This symmetry can keep the Higgs potential in top sector invariant under trigonometric parity sin(h/f ) ↔ cos(h/f ) and thus the Higgs quadratic divergences can be completely cancelled, resulting a UV insensitive Higgs potential. We explicitly construct the minimal left-right symmetric model based on coset space SO(6)/SO(5) which is locally isomorphic to SU (4)/Sp(4) and thus has well defined fermionic UV completion. This UV completion can automatically keep Higgs potential in gauge sector finite even the gauge sector breaks this discrete symmetry. We find that the vector mesons can be very heavy while the colored top partners are relatively light (> 1.5 TeV) to obtain a light Higgs.
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I. INTRODUCTION
With the discovery of Higgs boson at LHC [1, 2] , the Higgs mechanism [3] [4] [5] [6] in standard model (SM) is proven to successfully describe electroweak symmetry breaking (EWSB) at lower energy scale. Even though a great progress is achieved in understanding EWSB, some important issues are still mysterious for us. Among them the key mystery of EWSB is how to stabilize electroweak breaking scale against quantum correction.
In order to achieve successful EWSB, some new dynamics should be introduced at some high energy scale, such as TeV scale, to screen the quantum corrections from higher energy scales. Among these new physics theories, the composite Higgs model (CHM) [7] [8] [9] in which Higgs is a pseudo-Nambu-Goldstone boson (pNGB) of some strong dynamics can solve it in a tremendously simple way. Since Higgs is a bound state of strong dynamics, the quantum correction to Higgs potential from high energy scale is automatically screened by the constituents of Higgs, which results in the cut off of Higgs potential being reduced to the confinement scale Λ. Since pNGB Higgs potential is from loop corrections, if we further implement other mechanisms [10, 11] , Higgs sensitivity to the confinement scale can be softened and Higgs can be light.
However, the successful EWSB requires tuning some parameters in the existing CHMs [12] [13] [14] [15] . In these models, the main tuning is from separation between EWSB scale v and global symmetry broken scale f (called little hierarchy), v f , in order to escape the constraints from electroweak precision tests [16, 17] . More worse, they always suffer from double tuning [18] , which makes realistic Higgs potential very difficult to be achieved. Recently it is found that trigonometric parity [19] (TP) not only is the key ingredient to realizing neutral naturalness but also efficiently reduces the tuning in CHMs. The Higgs trigonometric parity can be induced not only through the exchange Z 2 symmetry between SM sector and hidden sector [19] [20] [21] [22] but also through maximal symmetry [11, 23] .
In this paper, we find that the exchange symmetry between left-handed (LH) and right-handed (RH) SM fermions, called left-right (LR) symmetry, can eliminate the ultraviolet (UV) divergences and double tuning in the Higgs potential if partial compositeness [24] is implemented. Different from the composite twin Higgs models, this model can realize TP in the Higgs potential without introducing any extra partners, but just through the left and right hand exchange symmetry of the SM fermions. As is well known, the TP is very efficient to eliminate UV divergence in the Higgs potential, this LR symmetry here enforces a UV insensitive Higgs potential in the top sector. The Higgs mass is correlated to the top partners mass, so usually 4 percent tuning is need to paid in order to get the light Higgs and heavy enough top partners in this model [37] . We find that the minimal coset to realize this LR symmetry is SO(6)/SO (5) [38] which is locally isomorphic to SU (4)/Sp (4) and the latter has very well defined pure fermionic UV completions based on the confining hypercolor gauge theory.
The structure of this paper is as follows. In Sec. II we introduce the general method to realize LR symmetry from the perspective of low energy effective theory. In Sec. III we explicitly realize this LR exchange symmetry in composite Higgs models based on the minimal coset SO(6)/SO (5) . In Sec. IV we briefly discuss the SU (4)/Sp(4) isomorphic version and the UV completion of this model. In Sec. V we analyse the EWSB and show that about 4 percent tuning is needed to achieve successful EWSB. Finally in Sec. VI we briefly talk about the phenomenologies and showed that our model coincide with the direct search in experiment. The Appendix contain the generators, explicit form factors in effective Lagrangian and some comments on LR symmetric bottom sector.
II. LEFT-RIGHT SYMMETRY IN EFFECTIVE LAGRANGIAN
In Twin Higgs models (THM) [20] [21] [22] [25] [26] [27] , Higgs divergences are cancelled by introducing a Z 2 exchange symmetry between top and twin top to induce Higgs TP sin(h/f ) ↔ cos(h/f ), which is very efficient to cancel the quadratic divergences of the ordinary top. In this section, we show that this Z 2 parity can also be directly realized by an exchange symmetry between left and right handed top without introducing the twin sector. We first give a brief review to the trigonometric parity (TP) discussed in [19] . In pNGB Higgs models, any symmetric coset space G/H contains a TP for any Goldstone boson π i . This parity is the combination of π/2 rotation in π i direction with the Higgs parity (π i /f → −π i /f + π/2) which leads to the transformation as
So if the left-right hand top exchange symmetry can contain the Higgs TP then the Higgs potential will be soften by this Z 2 symmetry, similar to THM. In itly clarify the left-right symmetry and the mechanism to soft Higgs potential in low energy effective theory as we discussed as follows. The minimal coset space to realize the left-right (LR) symmetry is SO(6)/SO (5) . In this model the electroweak (EW) gauge symmetry SU (2) L × U (1) Y is embedded in the SO(4) which acts on the first four indices of SO (6) . In unitary gauge, only the physical Higgs boson h is uneaten and the pNGB Higgs matrix U is given by
where f is the global symmetry broken scale. The Higgs TP operator of this model is [19] 
where R h π/2 = U (h/f = π/2) is the SO(2) rotation in Higgs direction with angle π/2 and V = diag(1, 1, 1, 1, 1, −1) is the Higgs parity operator. It's easy to check U transforms under P h 1 as U → P h 1 U V = U (s h ↔ c h ) with s h ≡ sin(h/f ) and c h ≡ cos(h/f ). In order to implement top LR symmetry, the EW doublet q L and singlet t R should be embedded in the same representation of SO (6) , such as fundamental representation:
where we choose the embeddings of the singlet t R has the similar form as t L (for the reason of constructing LR symmetry). Under this setup, the parity operator exchanging t L and t R should be
where P 0 is operator that exchange the 3rd and 5th indices of SO(6) and it's easy to check that P 0 acts trivially on U , P 0 U P 0 = U . The general effective Lagrangian invariant under global SO(6) has the form
where Σ ≡ U.V = (0, 0, 0, s h , 0, c h ) T is the linearly realized pNGB matrix which transforms under a global SO(6) element g as Σ → gΣ and V = (0, 0, 0, 0, 0, 1) is the VEV breaking SO(6) to SO (5) . From the effective Lagrangian we can formally inferred that in order to implement the LR exchange symmetry, the form factors in left and right handed top kinetic terms should be equal:
which also implies that the underlying strong dynamics should be LR symmetric. Actually under the condition (7) , one can easily check that the effective Lagrangian is indeed invariant under the LR transformations defined as
One can further find that if the form factors satisfy the relations in Eq. (7) , the kinetic terms in effective Lagrangian exhibits an enlarged global SO(6) × SU (6) symmetry where the QCD SU (3) are embedded in SU (6): 6 = 3+3 while the effective Yukawa coupling explicitly breaks it.
We can write the effective Lagrangian in SO(6) × SU (6) form as
where Ψ LR = (Ψ q L , Ψ t R ) and Ψ RL = (Ψ t R , Ψ q L ) are in (6, 6) representation of G ≡ SO(6) × SU (6) respectively. It is easy to find that the Yukawa coupling breaks this enlarged global symmetry. We can find these interactions are invariant under the LR Z 2 transformations in eq.(8) which can be rewritten as:
So we have realized an exchange symmetry between t L and t R and this LR symmetry can trigger Higgs TP. The LR symmetry can be explicitly seen from the expansion of effective Lagrangian in terms of SM quarks:
It's apparently invariant under t L ↔ t R , s h ↔ c h when imposing (7) . Since the divergences of Higgs potential only from the Higgs dependant effective kinetic terms of top quark and there are only two pNGB fields (Σ) inserted in these terms (top quarks should be embedded in the simple representation of global symmetry), the quadratic divergent Higgs potential should be proportional to s 2 h or c 2 h and thus can be cancelled by the Higgs TP induced from LR symmetry. We can directly calculate the one loop Higgs potential from top to prove our conclusion. In Euclidean momenta space, it is
where N c is QCD color number. If the top mass is produced through partial compositeness, at large Euclidean momenta region, Π q,t
. So the Higgs quadratic divergence in above Coleman-Weinberg potential according to power counting is
which indicates the Higgs quadratic divergence is only from top effective kinetic terms. Under the LR Z 2 symmetry, this term doesn't depend on Higgs field so Higgs quadratic divergence is eliminated. Notice that the Higgs potential from top effective Yukawa coupling is always finite, which is the only term allowed by the maximal symmetry [11] . In THM, the Higgs TP is induced by the exchange symmetry between top and its twin partner and Higgs potential is stabilized by the twin sector. While in LR symmetric CHM, the Higgs TP is induced by exchange symmetry between the LH and RH top and Higgs potential is stabilized by composite top partners. So partial compositeness is necessary to realize natural Higgs potential for this model.
III. THE MINIMAL LR SYMMETRIC COMPOSITE HIGGS MODEL SO(6)/SO(5)
According to the discussions in previous section, the minimal coset space to realize LR symmetry in top sector is SO(6)/SO (5) . However, the gauge sector doesn't exist LR symmetry so the Higgs potential from gauge bosons' loop is quadratic divergent without introducing new resonances. But since the coset space SO(6)/SO (5) is locally isomorphic to the coset SU (4)/Sp(4) which has very well defined fermionic UV completion, so the underlying strong dynamics can generally keep the Higgs potential from gauge boson loops converge at high energy scale like pions in QCD. In order to mimic this high energy behavior in the effective theory some heavy vector resonances should be introduced and impose Weinberg sum rules [15] on these resonances' decay constants and spectrum.
Since the set up of gauge sector is the same as in paper [19] , we do not give any more discussions about it. To be self-contained more details is shown in App. A (also can be found in [19] ).
A. Realization of LR symmetry
In Sec.II we assumed certain properties (7) in the lowenergy effective Lagrangian and find LR symmetry can cancel Higgs quadratic divergence. In this section we will explain how to realize the LR symmetry in SO(6)/SO(5) CHM with partial compositeness.
As discussed in Sec.II, that fermion masses are generated through partial compositeness is necessary for natural Higgs potential so the composite top partners should be introduced. Since we have embedded LH doublet and RH singlet in the representation 6 of SO(6), the composite operator O that mix with top quark are also supposed to be the same representation in order to mix with top quarks. Since the composite sector is SO(5) invariant so O should be decomposed to a five-plet and a singlet multiplets of SO(5), O → Ψ 5 +Ψ 1 . The global SO(6) invariant Lagrangian for elementary and composite fermions based on CCWZ formalism [28] can be constructed as (14) where
The explicit embedding of composite resonance multiplets is
where the two EW doublets with hypercharge 1/6 and 7/6, (T, B) and (X 5/3 , X 2/3 ), fill the full representation of custodial symmetry SO(4) and T +,− are EW singlet with positive and negative SO(2) η charge respectively.
Before discussing the LR symmetry, we first need to figure out how the pNGB fields U transform under the LR parity P = P 0 P h 1 we defined in Sec.II. Recall that U transforms under the TP as (U in unitary gauge)
and P 0 acts trivially on U , so it's easy to derive that (P 2 0 = 1)
Use this identity, we find if and only if the linear mixing couplings of LH and RH top to the composite multiplets are correspondingly equal,
the Lagrangian is invariant under the LR exchange symmetry defined as
Use the explicit matrix form of these parity operators, one can easily check that P 0 V is an element of the unbroken subgroup SO(5), which means when it acts on the composite fermion multiplets, the effect is just a redefinition of each components (i.e. Ψ 1,5 → Ψ 1,5 ). So the LR exchange symmetry is a good symmetry of interactions between fermion and NGBs in Eq. (14) and it will result in the Higgs potential from these fermions' loops is exactly TP invariant. After integrating out the composite fermions, we can get the LR symmetric effective Lagrangian (6) satisfying Eq.(7) and the explicit expressions of the general form factors is shown in Appendix. B.
In Sec.II we demonstrated that the LR symmetry can cancel the quadratic divergence in Higgs potential based on the effective Lagrangian and partial compositeness.
Here we can also analyse the Higgs potential directly from the composite Lagrangian (14) . Notice that since the SM fermions are embedded in the fundamental representation of global symmetry one U field is always associated with one Yukawa coupling λ ∈ f { q1 , q5 , t1 , t5 }. According to power counting, the quadratic divergent terms are proportional to λ 2 so the quadratic divergent terms of Higgs potential from fermion sector at most contain two powers of U , proportional to s 2 h or c 2 h . So Higgs TP is enough to eliminate them. However the log divergent terms can at most contain four powers of U , proportional to the fourth power of trigonometric function, so usually they can't be eliminated by TP. To further eliminate these terms, one can, as did in [11] , suppose the composite sector has fully SO(6) global symmetry in Yukawa couplings and the composite mass terms explicitly break it to H ≡ SO (5) or equivalently embed this model in the SO(6)/SO(5) two-site moose, which requires the mixing couplings satisfy
So Ψ 5 and Ψ 1 can be combined to fill complete representation 6 of global SO (6) . The Lagrangian with LR symmetry and fully global SO(6) invariant elementary-composite mixing terms (two-site moose Deconstruction) thus has the form as follows (19)) or equivalently is de-constructed on two-site moose, Higgs potential must be proportional to f 4 4 M 2 thus finite according to power counting. Above discussion is very general and doesn't depend on the particular coset space. Below we summarize the general principle to construct a TP invariant Higgs potential through LR exchange symmetry. Higgs TP P h 1 always exists in any symmetric coset space G/H. To implement the LR symmetry and preserve Higgs TP, the LH and RH top should be embedded in the same representation of G in such a way: the L-R exchange operator P can be written as P = P 0 P h 1 containing Higgs TP parity operator. The LR symmetry requires the Yukawa couplings of LH and RH top to the composite resonances should be equal (i.e. chirality independent), which will make the form factors of LH and RH top kinetic terms equal in the lower-energy effective lagrangian. So this LR symmetry can preserve Higgs TP and can efficiently forbid s 2 h and c 2 h terms (actually sin 2 (2N + 1)h/f and cos 2 (2N + 1)h/f terms are all be forbidden, where N is integer). If the quadratic divergent terms in Higgs potential are only proportional to these terms, TP can eliminate it. While to further make Higgs potential finite, the elementary-composite mixing terms should be fully G invariant in the composite side or de-construct this model in two-site moose.
IV. UV COMPLETION FOR SU (4)/Sp (4) As is well known, SO(6)/SO (5) and SU (4)/Sp(4) are locally isomorphic and SU (4)/Sp(4) has well defined UV completion based on a purely fermionic hypercolor theory. Since the Higgs sector is the same as the model in [19] , we just review main results in this sector and then focus on the UV completion for LR symmetric partial compositeness sector.
A. Some reviews on UV completion for Goldstone sector
The SU (4)/Sp(4) breaking pattern can be realized by introducing four Weyl fermions ψ i with i = 1, 2, 3, 4. The hypercolor gauge group can be chosen as Sp(2N ) and these preons are in the fundamental representation of hypercolor group [29, 30] . The first two fermions (ψ 1 , ψ 2 ) are arranged into the SU (2) L doublet with U (1) η ∼ = SO(2) η charge 1 and the last two fermions (ψ 3 , ψ 4 ) are SU (2) R doublet with hypercharge ∓1/2 respectively and U (1) η charge −1. Since the preons are in pseudo-real representation, their scalar condensate ψ i ψ j = 0 is antisymmetric with respect to SU (4) flavor symmetry and thus it can break global symmetry SU (4) into Sp(4). This broken pattern produces five NGBs and their quantum number is same as the ones in SO(6)/SO(5) under the electroweak unbroken vacuum. We choose this vacuum in the form of
In this vacuum, the automorphism map can be constructed as
where T a and Tâ are unbroken and broken generators. With this map, the linearly realized Goldstone field Σ can be constructed as
where U is Goldstone matrix. It transforms linearly under global symmetry as Σ → gΣ g T with g ∈ SU (4).
B. LR symmetric top sector in SU (4)/Sp (4) Since the SU (4)/Sp(4) is locally isomorphic with SO(6)/SO (5) and has UV completion of pure fermions and gauge bosons, we can translating the LR symmetric top sector into this coset to find the realization of LR symmetry in the UV completion. According to the correspondence between this two equivalent coset spaces, the LH top doublet and RH top are embedded in two indices anti-symmetric representation 6 of SU (4):
where all of these are four by four antisymmetric matrices and Q = (q L , 0 2×1 ). The LR exchange symmetry requires the global symmetry in top sector is enlarged to SU (4) × SU (6), as the SO(6)/SO(5) case. Based on this enlarged global symmetry, we can write the effective Lagrangian to explicitly show the LR symmetry:
where (6), and again Π 0,1 and M t 1 are form factors. The effective interactions are invariant under the LR exchange symmetry:
where the LR exchange operator P 1 is
which is an element of SU (4). We can explicitly express the effective Lagrangian in terms of SM quarks as
It is easy to see that this Lagrangian is LR symmetric and is equivalent to the effective Lagrangian in the SO(6)/SO(5) case in Eq.(11) up to a redefinition of the form factors.
C. UV completion for partial compositeness with LR exchange symmetry
In the previous two subsections, we have roughly argued the UV completion for gauge-Goldstone sector and realization of LR exchange symmetry in low-energy effective Lagrangian for top sector. In this section we will show the UV completion for effective top Yukawa. We suppose the effective Lagrangian arises from integrating out composite fermions which linearly mix with elementary top. To produce these bound states, some colored preons should be introduced. The colored preons can be either fermions or scalars. But we find scalar preons can not realize LR symmetry in fermion sector. So in the following, we will explain pure fermionic UV completion for partial compositeness.
As in [19] , in order to form the fermionic bound states with preons ψ i , the colored Weyl fermions χ L,R in two indices anti-symmetric representation of the Sp(2N ) hypercolor gauge group should be introduced. Their quantum numbers under hypercolor and SM gauge symmetry
II. According to the quantum number of the preons,
ABLE II: The quantum numbers of the colored preons.
the wave functions for top partners Ψ 5,1 are
where the bracket "()" denotes the Lorentz index contract of the fermions. As discussed in SO (6) 
The flavor symmetry in colored preon sector is SU (6) × U (1) with respect to hypercolor group with SU (3) c ⊂ SU (6) . At low energy scale the hypercolor gauge interaction confine, the colored preons may condense with each other χ i χ j = 0 with χ = {χ L , χ c R }. The colored preons are in 2-index anti-symmetric representation of hypercolor so the condensates are in 2-index symmetric representation of SU (6) global group and thus the global symmetry would broken into SO (6) , resulting in 20 colored pNGB. If the symmetric condensates preserve QCD, the quantum number of these pNGBs under SU (3) c is
Since these pNGBs are colored, they can be produced through QCD with big cross section at LHC, resulting in around 1 TeV lower bounds for their masses [31] . However, their masses can be from several sources, such as QCD interactions, the mass of colored preons and fermion Yukawas. Combining these effects, its mass can be heavy enough to escape experiment searches. More study on this UV completion can be found in [19] .
V. HIGGS POTENTIAL AND FINE TUNING
In this section we fully calculate the Higgs potential and discuss the EWSB. According to eq.(12), the contribution of fermion loops to Higgs potential could be parameterized as follows (up to O(s 4 h ) order),
while the contribution from gauge loops is [19] 
The gauge contribution to s 4 h can be neglected since it is at O(g 4 ) order. So the total Higgs potential has the form as
where γ = γ f − γ g and β = β f . The overall γ has to be positive for a realistic model and the potential has a minimum at s 2 h = γ 2β ≡ ξ. The exact Z 2 symmetry in the fermion sector leads to γ f = β f for the leading expression so the natural ξ from the fermion sector is about ξ ≈ 0.5. In order to get an experimentally allowed small ξ (ξ 1) to realize correct EWSB, the fermionic and gauge contribution to γ should have a cancellation which brings some fine tuning to this model. For the realistic VEV ξ 1, the top mass can be extracted from eq.(11) as
where Π q 0,1 = Π t 0,1 ≡ Π 0,1 , y t and v are the SM top Yukawa coupling and Higgs VEV. From the explicit expressions of form factors in eq.(C1), one can find M t 1 (p) M f Π 1 (p) where M f is a typical top partner mass. So use equation (35) , the leading expression of γ f and β f (up to O(y 2 t )) can be estimated from eq.(12) by power counting as
The Higgs mass then can be derived from the potential (34) as We see that the Higgs mass is sensitive to the top partner mass in this model, so the top partner can't be too heavy for a light Higgs. If we fix ξ = 0.03, m h = 125 GeV and m t = 150 GeV, the top partner mass is about M f 1.54 TeV.
The tuning can be quantified as [18] 
where x i are the free parameters in the model. Since the Z 2 symmetry has fixed γ f ≈ β f the main tuning is from the cancellation between γ f and γ g . Moreover, M f is almost fixed by Higgs mass thus the main tuning comes from the variation of free parameters m ρ and U (1) η gauge coupling g 1 . The explicit expression for maximal tuning ∆ is
For ξ = 0.03, the tuning is about ∆ 30 if the gauge resonance mass m ρ less than 5 TeV. When m ρ > 5 TeV, the tuning will grow linearly with m 2 ρ because the cancellation between U (1) η and SM gauge sector becomes significant and will dominate the tuning.
In Fig.1 , we show the exact numerical result of tuning ∆ as a function of m ρ and M T for Higgs mass m h ∈ [120, 130] GeV with ξ = 0.03, where M T is the lightest top partner's mass and the red line is the analytical result given by eq.(39). The deviation between eq.(39) and the actual result comes from the higher order correction (O(y 4 t )) to β f , which finally lead to β f > γ f . So the actual tuning of the model is 25 for a light m ρ . The right panel shows that both low tuning ∆ ∼ 25 and heavy top partners can be achieved for a light Higgs. In Fig.2, we show the tuning for all the free parameters. We have never stopped looking for a SM singlet U (1) gauge boson Z in the experiment, and many BSM models have predicted the existence of such a Z . While in this paper Z is just the SO(2) η gauge boson B . In this model B could couple to two fermions through the covariant derivative terms. Since only the right handed top (bottom) and T ± carries the U (1) η charge, the primary decay channel of B will be tt or bb. In order to avoid the experimental restrictions from Higgs decay channel, we choose the B mass in the range [125/2,1000] GeV when scanning the parameter space. We simulated the process pp → B → tt(bb) and find that the cross section is below 0.31 pb if m B < 1 TeV, which is far below the experimental bounds [32, 33] . So the B mass we chosen in the model is reasonable and doesn't conflict to the direct search. Notice that the potential six top signals pp → t t → B tB t → tttttt (t generally refers to top partners) will also be the important channel to discover or constrain this model [34] .
VII. CONCLUSIONS
We introduced a Z 2 exchange symmetry between LH and RH fermions to scenario of composite Higgs models which trigger the s h ↔ c h exchange symmetry in the Higgs potential, just like the twin Higgs models. This Z 2 is very efficient to reduce tuning because it could directly eliminate the quadratic divergences as well as the so called "double tuning" in the Higgs potential. If we further impose some additional structure, such as twosite de-construction or enlarge the global symmetry in the mixing terms between elementary and composite sector, the remaining logarithmic divergence could be eliminated and realize a finite Higgs potential with minimal tuning.
The concrete model we constructed is based on the symmetric coset SO(6)/SO (5) SU (4)/Sp(4) so there are 5 NGB fields which include a Higgs doublet and a SM singlet η. We gauge the SM groups as well as U (1) η so η will be eaten by the U (1) η gauge boson B after U (1) η is spontaneously broken by strong dynamics. One advantage of this model is that the isomorphic SU (4)/Sp(4) coset has very well defined pure fermionic UV completions. Although the gauge sector can't realize such LR symmetry, the fermionic UV can force the composite resonances to satisfy Weinberg sum rules and thus Higgs potential is converge. The successful EWSB (ξ 1) is realized by imposing the cancellation between top and gauge sector, which is the main source of tuning in this model. The numerical calculation shows that a light Higgs can be realized with heavy top partners (> 1.5 TeV) and gauge resonances (> 3 TeV), which brings a 4% tuning for ξ = 0.03.
